1. The relationship between the temperatures of the hypothalamus, colon and skin and the control of heat loss mechanisms at ambient temperatures from 20 to 400 C has been studied in unanaesthetized chickens.
INTRODUCTION
A warm-blooded animal in an environment which is too warm to stimulate a rise in heat production regulates its central body temperature by varying its heat loss. Physiologically, control over the rate of transfer is exercised by altering the flow of blood to the body surface, or by altering the rate of evaporation of water from the skin or respiratory tract.
Birds possess a thick, highly insulating coat of feathers over most of the body surface and lack sweat glands. Vasomotor activity in the feathered skin has been assumed to be minimal (Kallir, 1930; Irving & Krog, 1955) , but in areas like the legs and feet which lack effective insulation there is evidence that it plays a thermoregulatory role (Scholander, Walters, Hock & Irving, 1950; Irving & Krog, 1955; Whittow, Sturkie & Stein, 1964) . The same may be true of the richly vascular comb and wattles of chickens (Wilson & Plaister, 1951;  Honma, Kimura, Harada & Sekine, 1966) and the extremities of the body could therefore be expected to account for virtually all of the physical regulation in the thermoneutral zone (18-26°C, Barott & Pringle, 1946) . At higher temperatures evaporative cooling becomes increasingly important and when environmental temperature equals the temperature of the body surface it finally represents the only channel for loss of heat (Richards, 1970a) . In a previous paper (Richards, 1970b) it was shown that changes in the temperature of the skin alone were not responsible for the onset of panting during heat exposure; panting commenced only after an increase in the temperature of the hypothalamus together with that of some extra-cranial deep body tissues.
The present paper examines the role of various sites on the body surface of the fowl in influencing heat transfer at different ambient temperatures, shows that the onset of panting is closely related to the increment in hypothalamic temperature, and further suggests the involvement of temperature receptors both in the extra-cranial deep body tissues and in the skin.
METHODS
Bird8. Fourteen mature hens (Thornber's '404' hybrids) weighing 1-9-2-7 kg were used. They were kept at about 15°C for the period of their use. Food was withheld for 24 hr before any experiment but water was available up to about 1 hr beforehand.
Preparation and recording method. The techniques used for the surgical implantation of thermistors and thermocouples and the recording of body temperatures and respiratory frequency were the same as those described previously (Richards, 1970b). Temperature. Deep body temperatures were measured in the colon (Ta) and hypothalamus (ThY). Surface skin temperatures were measured on (i) the middle of the back between the scapulae, (ii) the under-side of the left wing near the proximal end of the humerus, (iii) the left thigh, about 4 cm from the distal end of the femur, (iv) the middle phalanx of the third digit of the left foot (v) the left shank, at the mid position over the tibiotarsus and (vi) the posterior lobe of the comb. In addition, the temperature on the surface of the left wattle was occasionally recorded.
Mean skin temperature (Tj) was estimated on the basis of the three values recorded for feathered skin and three for naked skin. These temperatures were then weighted according to the proportion of the total surface they represented after actual area measurements on the skins of three chickens. The total surface area, A (cm2), measured in this way varied by an average of 12 % from that calculated from the body weight, W (g), using the formula A = 8-19 W0705 (Mitchell, 1930) . On the basis of the direct measurements, the weightings used were: back, 0-70; wing, 0-12; thigh, 0-08; toe, 0-04; shank, 0-03; and comb, 0-03. In the formula thus derived, 'back skin temperature' represented an approximation for the temperature of the skin of the entire neck, thorax and abdomen, which was found by measurements at various sites to be similar throughout. Similarly, 'toe skin temperature' represented that for the entire foot, and 'comb skin temperature' that for the entire naked skin of the S. A. RICHARDS 2 head. A mean skin temperature estimated in this way would be physiologically more accurate than a simple arithmetic mean since the highly variable temperatures of the naked skin sites are not given undue emphasis (Hardy, 1949) .
Mean body temperature (Tb) was calculated using the mean skin temperature and the hypothalamic or colonic temperature weighted at (0-7 Thy + 0-3 T.) or (0-7 Tc+ 0-3 T8).
A so-called 'mean core temperature' (Tc,) was estimated using the hypothalamic temperature and an extra-cranial (colonic) deep body temperature variously weighted from (0-9 Thy+O-1 T,) to (0-3 Thy+ 0 7 Tj).
The 'thermal circulation index' was used as an approximate indication of peripheral blood flow and calculated for the mean feathered skin and for the shank, toe and comb as described by Burton & Edholm (1955) using the formula: 1I = T. T. where Ie is the surface-air (external) insulation, I, is the coresurface (internal) insulation, Ya is the temperature of the ambient air, and T8 the temperature of the appropriate skin site.
Experimental procedure. The arrangements for restraining the birds and controlling the ambient temperatures were the same as those described earlier (Richards, 1970b) . The relative humidity in the experimental chambers varied from 71 % at 170 C dry bulb to 17 % at 400 C. The rate of air movement was about 25 cm/sec at air temperatures between 17 and 20 0C and 47 cm/sec at 21-40°C.
The birds were undisturbed throughout the duration of an experiment. Measurements were performed during both heating and cooling of the ambient air; those of body temperature were made after an equilibration period of not less than 30 min, and generally more than 60 min, at any one level of constant ambient temperature between 20 and 400 C. Measurements were also made between 17 and 200 C when collecting data for calculation of the thermal circulation index.
Experiments on the relationship between body temperatures and the onset of thermal panting involved heating the ambient air from 200 C up to 400 C in about 15 min and then maintaining it constant at that level. A respiratory frequency of 100 breaths/min was designated the 'onset of panting' in conformity with previous experiments (Richards, 1968a (Richards, , 1970b .
RESULTS
The effect on body temperatures of ambient temperatures from 20 to 400 C Table 1 presents the mean data from thirty-three experiments on fourteen birds.
Deep body temperatures. These were not significantly influenced by changes in ambient temperature within the range 20-30°C. Colonic temperature was the more stable and on average 0.70 C higher than hypothalamic temperature. Fluctuations of up to 070 C occurred in hypothalamic temperature in relation to changes in the state of arousal of the bird, such as from sleep to wakefulness or in response to sudden visual and auditory stimuli. These were independent of any changes in colonic temperature and usually occurred without detectable influence on the thermoregulatory mechanisms.
Exposure to ambient temperatures higher than 29-30°C caused small increases in the core temperatures at rates such that the difference between them was progressively reduced; after 30-60 min at 400 C the difference between colonic and hypothalamic temperature averaged only 0.10 C. All of the birds were able to maintain stable, though elevated, deep body temperatures having once reached equilibrium some 2-3 hr after the start of exposure to 400 C.
Skin temperatures. At constant ambient temperatures the temperature of the feathered skin showed a stability only slightly less than that of the colon. Such fluctuations as did occur were gradual and in phase at the three sites. There was no correlation with the fluctuations observed in hypothalamic temperature. The three feathered skin sites varied in temperature by only 2-5°C over the ambient temperature range from 20 to 400 C. The naked skin sites, however, varied by 11-17°C (shank) to as much as 200 C (comb) over the same range and there were wide fluctuations at certain characteristic levels of constant ambient temperature. As a result of these fluctuations, the differences between the maximum and minimum values for the naked skin temperatures were occasionally as great as 10-150 C; the fluctuations were not synchronized at the three sites routinely examined, nor even at the comb and wattle when the latter temperature was also recorded. The shank and comb temperatures varied widely at all levels of constant ambient temperature up to 270 C and the toe temperature mainly between 24 and 270 C. There were occasional instances when the comb temperature decreased simultaneously with an increase in hypothalamic temperature, but in most cases the changes were not obviously related. 4 PHYSICAL THERMOREGULATION IN CHICKENS Some indication of the effect of ambient temperature on the changes in peripheral blood flow, and hence in tissue insulation, which occurred under steady-state conditions is illustrated in Fig. 1 in terms of the thermal circulation index. The index for the mean feathered skin was almost unchanged throughout the ambient temperature range from 17 to 350 C. Marked changes, however, were observed for each of the naked skin sites at 26-27' C ambient temperature; thus, between 26 and 350 C the index for the shank increased by about fivefold and that for the toe and comb between 10-and 15-fold. 
The relationship between body temperatures and the onset of thermal panting
The results of exposing the fourteen birds to 400 C while the hypothalamic, colonic and six skin temperatures were recorded in relation to the onset of panting are summarized in Table 2 . Calculated values for the ' mean core temperature' were derived using a wide variety of weightings of the individual hypothalamic and colonic measurements, but only the three results of immediate relevance are presented. The relationships were most meaningful when expressed in terms of the increment in the temperatures above their control levels, since this eliminated errors due to the variability between the control temperatures of different birds as well as those between the same bird on different occasions. The relationship between the onset of panting and hypothalamic tem-perature was almost twice as close as that with colonic temperature, as indicated by the coefficient of variation (Table 2 , lines 1 and 2). The use of an estimated mean skin temperature gave results intermediate between the two measured deep body temperatures (line 3). When mean skin temperature was incorporated as a weighted component of a calculated mean body temperature it effected a marked improvement over the result with colonic temperature alone (line 4) but had only a slight influence on the result with hypothalamic temperature (line 5). The closest relationship of all the combinations examined, however, proved consistently to be when the onset of panting was compared with a 'mean core temperature' calculated using appropriately weighted components of the hypothalamic and colonic measurements (lines 6 to 8). Moreover, the consistency of this relationship declined when the hypothalamic component was weighted to represent more than 0-8 or less than 0-6 of the 'mean core temperature'. The temperature recorded in the hypothalamus of the chicken was lower than that in the colon and wide fluctuations occurred in the former without effect on the thermoregulatory mechanisms. Such fluctuations have most commonly been explained in terms of changes in blood flow, as first proposed by Serota & Gerard (1938) , but recent work on several mammalian species (Hayward & Baker, 1969) suggests that the different absolute levels of temperature, as well as the oscillations, may result from changes in the temperature of the cerebral arterial blood at the circle of Willis due to variations in heat exchange between the carotid rete and cavernous sinus. 6 S. A. RICHARDS PHYSICAL THERMOREGULATION IN CHICKENS There is anatomical and physiological evidence in the fowl that the cerebral circulation could also influence hypothalamic temperature (Richards, 1967 (Richards, , 1968b (Richards, , 1970a and it is of interest that Saint Paul & Aschoff (1968) found temperature changes in the skin of the chicken's neck often to occur simultaneously but in opposite direction to those deep in the brain. In the present experiments there was no evidence of this effect in feathered skin, but fluctuations in opposite directions were sometimes seen in the hypothalamus and the comb. This observation is consistent with the idea that vasoconstriction in the skin of the head and the nasal mucosa would decrease the flow of cool blood to the cavernous sinus and reduce the exchange of heat with the intercarotid anastomosis and carotid rete. This in turn could cause an increase in the temperature of the blood supplying the adjacent hypothalamus and could have important implications for any hypothesis concerning the hypothalamic regulation of body temperature in the chicken. Nevertheless, it is also true that there were many instances when changes in brain temperature were unaccompanied by alterations in comb temperature, and there is no information as yet on whether the latter may not be functionally related to things other than thermoregulation.
The temperatures of the skin of the back, thigh and wing increased by only 2-5°C while ambient temperature rose from 20 to 400 C, indicating that the feathered skin in the chicken contributes little to the control of heat loss. However, the naked skin increased in temperature by 11-20°C and each site exhibited large fluctuations at characteristic levels of ambient temperature. The changes in blood flow which presumably underlie the fluctuations in temperature may be reflex responses to unidentified stimuli, or they could represent the delicate 'hunting' adjustments of the fowl's thermostatic mechanisms (Hertzman, 1959) .
An estimate of the comparative insulation of the thermal pathways from the body core to each of the sites examined was gained by plotting the thermal circulation index against ambient temperature. During thermoneutrality, the skin insulation was much greater at the extremities than at the feathered skin sites and in the case of the latter there was no significant change throughout the ambient temperature range. This would be interpreted as showing that there was no alteration in blood flow in these areas as a result of changes in the thermal environment, and is further evidence that vasomotor activity in the feathered skin contributes little to the regulation of heat loss.
Quite the opposite was the case with naked skin. For the shank, and especially for the toe and comb, the thermal circulation index increased rapidly at ambient temperatures above 26-270 C, and since the movement and insulation of the air was unchanged the inference here would again 7 be that this is the ambient temperature at which important changes occur in the insulation of the tissues. It is of interest that the curves which could be drawn through the points for naked skin are similar to those depicting the effect of local temperature on the denervated human limb. It is therefore possible that the direct action of heat on the cutaneous blood vessels resulting from a rise in skin temperature may itself be a factor in the local regulation of blood flow to the skin.
The change in the thermal circulation index occurred at about the upper critical temperature rather than at the lower critical temperature as in the new-born pig (Mount, 1968 ). However, most of the pig's heat is lost from the naked skin of the trunk, whereas in the fowl the feathers cover about 90 % of the body surface and must represent a far more important factor in its insulation at low ambient temperatures than the skin itself (Herreid & Kessel, 1967) . But throughout a relatively wide range of moderate conditions vasomotor activity in the extremities could be the principal means by which regulation of core temperature is achieved. Heat loss by this route would eventually become inadequate at ambient temperatures around 300 C and evaporative cooling is then the last remaining channel.
An analysis both of the measured and calculated body temperatures attained at the start of panting showed that the most consistent relationship was with the increment in hypothalamic temperature, especially when this was weighted to represent the major part of a 'mean core temperature' which also incorporated a component from the extra-cranial deep body temperature. The relationship was less consistent when either colonic or mean skin temperature was used, or when mean body temperature was calculated using various weightings of these two temperatures. That the colonic temperature should have no special significance is not unexpected, despite its frequent use as an indicator of thermoregulatory changes (King & Farner, 1961) . What is interesting, however, is that the relationship with the onset of panting was most consistent, not with hypothalamic temperature alone, but with a combination of hypothalamic and extra-cranial deep body temperature represented in this instance by the colonic temperature. The evidence on the pigeon recently presented by Rautenberg (1969) indicates that the extra-cranial deep body temperature most likely to have significance in physiological thermoregulation would be that of the spinal cord, and it seems probable that a 'mean core temperature' calculated from two such measurements would yield the closest relationship attainable. In any event, the present results are in agreement with those derived from different experimental procedures (Richards, 1970b) and may be interpreted as suggesting that the onset of panting in the chicken may involve the integration by the hypothalamus of neural S. A. RICHARDS 8 PHYSICAL THERMOREGULATION IN CHICKENS information relating not only to the temperature of its own neurons but also to that from extra-hypothalamic deep body receptors as well, perhaps, as from the periphery. However, only a more direct experimental approach will show whether an empirical formula can be used as a valid basis from which to deduce the site of temperature receptors.
